We present the results of a new search for galaxy-scale strong lensing systems in CFHTLS Wide. Our lens-finding technique involves a preselection of potential lens galaxies, applying simple cuts in size and magnitude. We then perform a Principal Component Analysis of the galaxy images, ensuring a clean removal of the light profile. Lensed features are searched for in the residual images using the clustering topometric algorithm DBSCAN. We find 1098 lens candidates that we inspect visually, leading to a cleaned sample of 109 new lens candidates. Using realistic image simulations we estimate the completeness of our sample and show that it is independent of source surface brightness, Einstein ring size (image separation) or lens redshift. We compare the properties of our sample to previous lens searches in CFHTLS. Including the present search, the total number of lenses found in CFHTLS amounts to 678, which corresponds to ∼4 lenses per square degree down to i(AB) = 24.8. This is equivalent to ∼ 60.000 lenses in total in a survey as wide as Euclid, but at the CFHTLS resolution and depth.
Introduction
Strong gravitational lensing occurs when light rays emitted by a distant source are deflected by the potential well of a foreground mass (Einstein 1916) . If the latter is compact enough i.e. above the lensing critical surface mass density, multiple images of the background source are formed. Because strong lensing has only simple dependence on its geometry and fundamental physics (general relativity), thus its applications in cosmology and in the study of galaxy formation and evolution are straightforward and becoming more and more numerous.
Strong gravitational systems have been used in recent years to address key scientific questions. In particular, strong lensing consists of a powerful tool to map the total mass (dark and luminous) in galaxies, independently of their dynamical state or star formation history (e.g. Treu et al. 2002; Rusin et al. 2003; Treu & Koopmans 2004; Rusin & Kochanek 2005; Sonnenfeld et al. 2012; Bolton et al. 2012) . Also, thanks to strong lensing, small and dark satellite galaxies have even been found and weighted (e.g. Metcalf & Madau 2001; Dalal & Kochanek 2002; Treu & Koopmans 2004; Koopmans et al. 2006; Jiang & Kochanek 2007; Gavazzi et al. 2007; Treu et al. 2010; Auger et al. 2010; Bolton et al. 2012; Sonnenfeld et al. 2012; Vegetti et al. 2012; Oguri et al. 2014) . Applications in cosmology using the time delay method (e.g. Refsdal 1964 ) between the multiply-lensed images of distant quasars are also becoming of increasing interest thanks to intensive photometric monitoring programs like COSMOGRAIL (e.g. Vuissoz et al. 2008; Courbin et al. 2011; Rathna Kumar et al. 2013; Tewes et al. 2013) . In combination with state-of-the-art modelling tools, these time delays can be used to constrain the cosmological parameters both with precision and accuracy (e.g. Suyu 2012; Suyu et al. 2010 Suyu et al. , 2013 Suyu et al. , 2014 . Even without time delay measurements, large samples of galaxy-scale strong lenses can help to constrain cosmology, as Cao et al. (2015) did, using 118 systems to constrain the dark energy equation of state parameter, w.
The above applications of strong lensing are possible because: 1. significantly large samples of strong lensing systems are now available, 2. some of the discovered systems have specific, rare properties making them particularly effective in delivering astrophysical or cosmological constraints. The ongoing (DES, KIDS) and planned wide field surveys of the next decade (Euclid, LSST, WFIRST) will continue to revolutionise the field, by making available hundreds of thousands of new strong lenses (e.g. Pawase et al. 2014; Collett 2015) , i.e. ∼3 orders of magnitude larger than the current sample sizes.
Early systematic searches for strong lenses took advantage of the so-called lensing magnification bias, i.e. the fact that a lensed source is seen brighter because it is lensed. These sourceselected lensing system samples were built by looking for multiple images among samples of optically bright quasars (e.g. Surdej et al. 1987; Magain et al. 1988) . This was followed up in a more systematic way with a search in the Hamburg-ESO bright quasar catalogue (Wisotzki et al. 1993 (Wisotzki et al. , 1996 (Wisotzki et al. , 1999 (Wisotzki et al. , 2002 (Wisotzki et al. , 2004 Blackburne et al. 2008) , in the SDSS with the Sloan Quasar Lens Survey (SQLS; Inada et al. 2003 Inada et al. , 2012 Oguri et al. 2006 Oguri et al. , 2008 Inada et al. 2007 ) as well as in other wide-field optical observations (e.g. Winn et al. 2000 Winn et al. , 2001 Winn et al. , 2002b . Similarly, strong lens searches were also carried out in the radio in the FIRST survey (Gregg et al. 2000) and in the CLASS survey (Myers et al. 2003; Browne et al. 2003 ). More recently, the same strategy was adopted at millimeter wavelengths with the South Pole Telescope ( SPT Hezaveh et al. 2013) , and at sub-millimeter wavelengths with the Herschel satellite like H-ATLAS (Negrello et al. 2010; González-Nuevo et al. 2012; Bussmann et al. 2013) and HerMES Gavazzi et al. 2011; Wardlow et al. 2013 ).
Source-selected samples of lensing systems are mostly composed of lensed quasars. Searches for non-quasar lensed galaxies are generally carried out by preselecting a sample of potential lensing galaxies and by looking for lensed images or spectra in their background (Ratnatunga et al. 1999; Fassnacht et al. 2004; Moustakas et al. 2007; Cabanac et al. 2007; Belokurov et al. 2007; Faure et al. 2008; Marshall et al. 2009; Pawase et al. 2014; More et al. 2016) . These lens-selected samples are best constructed using spectra where sets of emission lines at two (or more) distinct redshifts are looked for. The method was pioneered by (Willis et al. 2005 (Willis et al. , 2006 with their Optimal Lineof-Sight Survey, soon followed by the SloanLens ACS Survey (SLACS, e.g., Bolton et al. 2006; Treu et al. 2006; Koopmans et al. 2006; Gavazzi et al. 2007 Gavazzi et al. , 2008 Bolton et al. 2008; Auger et al. 2009 ) and by the BOSS Emission-Line Lens Survey (BELLS; Brownstein et al. 2012 ). The SLACS sample on its own has about 100 confirmed gravitational lenses in the redshift range 0.1 < z < 0.4 with HST imaging (e.g. Bolton et al. 2006; Auger et al. 2009 ). The main advantage of the spectroscopic approach is that the redshifts of the lens and of the source are readily obtained, along with the stellar velocity dispersion in the lens (e.g. Treu & Koopmans 2004; Koopmans et al. 2006; Auger et al. 2010) . Moreover, if the source has strong emission lines, then the light from the lens and the source can easily be separated.
In the imaging, on the other hand, the source is often hidden in the lens glare, thus it cannot be detected so easily. For this reason carrying out an imaging lens search requires careful image processing to efficiently remove the lens light and unveil any faint background lensed galaxy. Such techniques start to be implemented, and will become increasingly important with the development of large sky surveys like DES, KIDS, Euclid, the LSST and WFIRST.
Based on two-band imaging, Gavazzi et al. (2014) have devised a method to detect faint blue arcs behind foreground redder galaxies. They extend their technique to multi-band lens modelling (Brault & Gavazzi 2015) and they apply them to the CFHTLS (Canada-France-Hawaii Telescope Legacy Survey) data (Cuillandre et al. 2012) . A second method was introduced by Joseph et al. (2014) that can work both in single-band and multi-band. It is based on a principal component analysis (PCA; Jolliffe 1986) of the full imaging dataset to subtract the image of galaxies, even in the presence of complex structures. The residual image can then be used to search for lensed sources. In this paper, we use the method of Joseph et al. (2014) to extend the sample of known galaxy-scale strong lenses in CFHTLS.
The paper is organized as follows. In Sect. 2, we provide a brief description of the observational material and of the sample selection technique from the object catalogues for the CFHTLS. In Sect. 3, we describe the lens-finding algorithm based on PCA and its improvements. In Sect. 4, we present the list of our new lens candidates and compare it to previous results from other lens searches in the same area of sky, i.e., the CFHTLS fields. In Sect. 5, we discuss the completeness of the sample based on lens simulation. Finally, in Sect. 6, we provide a summary of the main conclusions from this work and provide a short outlook for future progress.
Throughout this work, we assume Ω 0 = 0.3, Ω Λ = 0.7, and H 0 = 70 kms −1 Mpc −1 . All magnitudes are in the AB system (Oke & Gunn 1983) .
Observational material and sample selection
Our main goal in this work is to complement and extend current samples of galaxy-scale strong lens candidates, starting with the Fig. 1 . Distribution of the semi-major axes and of their ratio, for our preselections of galaxies in the full CFHTLS sample (Cuillandre et al. 2012) . The vertical lines mark our size cut-off of galaxies. The pixel size is 0. 187. public imaging data from the CFHTLS. To do so, we use the new technique proposed by Joseph et al. (2014) .
CFHTLS data
The Canada-France-Hawaii-Telescope Legacy Survey is a large program consisting of 500 observing nights between January 2003 and early 2009, divided into two parts. The Deep survey has 4 ultra-deep pointings and the Wide survey has 171 intermediate-depth pointings. Because strong lensing systems are rare, we need to use the widest possible survey area, i.e. the Wide part of CFHTLS.
The Wide CFHTLS (Cuillandre et al. 2012 ) covers 155 deg 2 divided into four independent fields observed in five bands. The limiting point-source AB magnitude (80% completeness) for each band is u = 25.2, g = 25.5, r = 25.0, i = 24.8, z = 23.9. For each band the mean seeing is FWHM= 0. 85, 0. 79, 0. 71, 0. 64, and 0. 68, respectively. The pixel size of the CFHTLS data is 0. 187. In this paper, we use the T0007 1 final release of the CFHTLS with improved flat-fielding and photometric calibration techniques developed by the Supernova Legacy Survey (SNLS) team in collaboration with the CFHT. This release benefits from two types of photometric catalogues: 1. source catalogues for individual images (i.e. the .ldac files in the T0007 package) that we use to build our samples of lens galaxies in each filter separately, 2. merged source catalogues produced from the g, r, and i images that we use to infer the colour information of our lenses. The full description of the CFHTLS-T0007 release can be found in Cuillandre et al. (2012) . Each of the other panels shows the residual image between the data and the reconstructed galaxy using respectively 1, 5, 10, 15 and 25 principal components (PCs). The value of the corresponding reduced χ 2 is given in the lower right corner.
Sample selection
We preselect galaxies among the full CFHTLS source catalogues for individual images produced by Terapix using SExtractor (Bertin & Arnouts 1996) . PCA requires uniform in size, morphology and brightness sample of elliptical galaxies, and since size and morphology of a galaxy changes between different bands, thus we create five catalogues, one for each of the five CFHTLS filters, independently. A given galaxy can therefore appear in several of the catalogues. Before using the PCA subtraction technique of Joseph et al. (2014), we apply the following selection criteria to each of the five catalogues:
-We use only the objects classified as non-stellar by SExtractor (CLASS STAR > 0.98) and we apply a detection threshold of 10σ for each band, that is u = 23.9, g = 24.3, r = 23.5, i = 23.5, z = 22.4. Fainter objects would make difficult targets for future spectroscopic follow-up. -We apply a cut on the semi-axis ratio, a/b < 3, which includes most of the early-type galaxies (Park et al. 2007 ), but rejects most of the spurious objects like those "created" by diffraction patterns of bright stars. -We apply an (angular) size cut-off. Small galaxies, with a semi-major axis a < 4 pixels are excluded. Any arc in their vicinity can be detected without subtracting the light of the foreground galaxy. We also remove galaxies with a > 9 pixels. These galaxies are rare and therefore poorly modeled with the PCA technique (Joseph et al. 2014 ). Since we want to ensure uniformity of galaxy shapes in a group, galaxy sizes are computed separately in each band. Our final selection therefore spans sizes in the range 4 < a < 9 pixels. Figure 1 displays the distribution in semi-major axis for the full sample in all the CFHTLS bands.
This leaves us with a pre-selection of early-type and latetype galaxies. However, spiral arms can be mistakenly taken for lensed arcs, resulting in false positives. To avoid this, we further restrict the sample to only elliptical galaxies. This can be achieved by either using a galaxy classifier based in morphological features in images (e.g. the ASTErIsM software by A. Tramancere, et al., 2015 submitted) or by applying a colour selection. We adopt the latter strategy, selecting galaxies with (g − i) > 1.0 within a 3 aperture, following Gavazzi et al. (2010) . Obviously, some of the potential lenses are missed by this selection, but this is the price to pay to remove spiral galaxies efficiently.
For each selected object, we create an image stamp centred on the galaxy. Since rotation is not a principal component, we also apply a rotation to each stamp to align the major axes of all galaxies. In doing so, we use a polynomial transformation and a bilinear interpolation. We note that we do not apply any other re-scaling. Instead, to ensure final uniformity of the PCA basis, we take advantage of the very large sample and we split it in five Fig. 3 . Illustration of our masking strategy. From left to right: a) image of a galaxy from our sample, b) subtraction without using a mask during the reconstruction process, leaving ring-like artefacts, c) masked image used for the reconstruction process, d) resulting residual image, without any artefact.
bins of galaxies sizes. The five groups are defined by the galaxies semi-major axis as follows: (1) 
Lens-finding algorithm and improvements
Our algorithm by nature finds bright lensing galaxies. In such samples the lensed source is often hidden in the glare of the foreground galaxy, which must be properly removed before any search for lensed structures can be carried out. Our PCA-based lens-finder therefore includes two steps: 1. subtraction of the central galaxy from the original images/stamps, using PCA image reconstruction and 2. detection of lensed extended objects (arcs, rings) in the residual images.
3.1. Removal of the lensing galaxy: the PCA approach Traditional ways of subtracting galaxies in imaging data are either to fit a elliptical profile to the data with, for example, the galfit software (Peng et al. 2010; Cabanac et al. 2008) or to subtract aperture-scaled images in two different bands (Gavazzi et al. 2014 ). As galaxies are not perfect elliptical profiles, these approaches often leads to significant flux residuals that prevents the detection of faint background lensed objects and they produce large amounts of false positives.
Our solution to this problem is presented in Joseph et al. (2014) 2 , where we build an empirical galaxy light model from the sample of galaxies itself using a principal component analysis. PCA decomposition of a dataset allows one to recognise any similarity among its elements: the elements in the dataset are converted into another set of variables called principal components (PC), which are orthogonal and ordered so that the first PC has the largest possible variance, the second PC has the second largest variance, and so on. The details of our PCA technique are provided in Joseph et al. (2014) . A critical step in the PCA reconstruction is the choice of the number of PC coefficients. If all coefficients are used, the reconstructed image is identical to the original image. This clearly leads to overfitting of the data and noise and will simply remove all structures of interest, like faint lensed rings and arcs. To circumvent this problem, the galaxy image needs to reconstructed using only a limited number of coefficients. Obviously, there might be an optimal number of coefficients to be used to avoid over-fitting or under-fitting of the data. This optimal number of PC depends on the diversity in shape among the galaxies in the sample, i.e. the range in galaxy sizes, the presence of companions near the galaxies used to build the PCA basis, and it also depends on the number of objects used to build the PCA basis. Fig. 2 gives an illustration of a galaxy image reconstructed from a different number of PCs. To evaluate the overall quality of reconstruction of a galaxy image in an objective way, we compute the reduced χ 2 in the image after subtraction of the galaxy (Eq. 6 in Joseph et al. 2014 ). An ideal reconstruction gives a reduced χ close to one. Of course lensed features in the image do produce signal in the residual image, a cut-off in χ 2 has to be defined that ensures an adequate tradeoff between clean removal of the foreground galaxy and non-removal of any potential lensed feature. Finding this cut-off is a subjective part of our procedure and final result for false to true positives ratio will strongly depend on the adopted value. In the present case we choose χ 2 ∼ 1.4 for the CFHTLS data (see Fig. 2 ) and for the simulations used to evaluate completeness of the procedure (see Section 5).
The PCA technique described in Joseph et al. (2014) works well for isolated galaxies. In practice, however, galaxies often have companions, either physical or the result of line-of-sight effects. Companions affect the results both when building the PCA basis from the galaxy sample and when reconstructing the image of a given galaxy. The first problem (as described already in Joseph et al. 2014 ) is easily avoided by computing the PCA basis on a subset of galaxies with no bright companions. The large size of our galaxy sample allows us to do that in practice. However, companions are present in the images of the galaxy we want to reconstruct and subtract. In the case of reconstruction of an image of a galaxy with bright companions, residuals might feature artifacts that mimic a ring (Fig. 3) . To avoid this problem we simply mask bright companion before the reconstruction process. Images reconstructed in this manner are then subtracted from original, non-masked images creating residuals that are now free of the false rings. Figure 3 illustrates the improvement over a non-masked image.
To apply the masking to all the companion sources in the image stamps, we use the DBSCAN algorithm implemented in the ASTErIsM software (Tramacere et al 2015 submitted) . We identify the object at the centre of the stamp, as our source of interest that will be not masked. We iterate among all the remaining sources, and we mask all the sources with an integrated flux larger than the half of the central galaxy's integrated flux and all the sources with a distance from the central galaxy smaller than the half of the central galaxy's radius. The masked pixel fluxes are replaced with flux values randomly sampled from the background pixels flux distribution.
Looking for lensed features in the residual image
Once the galaxies have been properly removed from all preselected image stamps, we can now search for lensing features in these residual images. To avoid too many false positives we choose to search for only arc-like features. This was done using the cluster/island detection algorithm described in detail and tested in Tramacere et al (2015, in prep) . Below, we provide a short overview of the procedure. This method is based on the application of the DBSCAN clustering topometric algorithm 1. Arcs and rings detection stage -An initial list of sources is extracted using the DBSCAN algorithm (Top-left panel of Fig. 4 ); -The shape of each source is determined and each source is flagged to be: arc-like, ring-like, ellipse-like, circular/point-like; -All point-like sources are removed, leaving us with a list of candidate lensed sources; -For each stamp in the candidate list, we compute the radial distribution of the sources, and we determine the minima and the maxima in this radial distribution. This is presented on the bottom-left panel of Fig. 4 , where the green filled circles represent the local minima, and the red filled circles represent the local maxima. The first minima in the innermost ring sets the radius for the internal disk, indicated as a red circle in the top-left panel of ; -All the sources in the candidate list are assigned to a single circular area for each sources, enabling us to easily measure the angular size and the orientation of the sources, α r , with regard to the radial direction; -All sources smaller than a critical angular size (e.g. the PSF size) are removed; only rings with at least one source meeting criteria are kept; -The sources are then merged together in the final ring to preform the analysis (see central panel in Fig. 4) 2. Analysis stage -Once we have a final ring, we fit a circle to the distribution of pixels in the recovered ring and we measure a centroid position, barycentre and radius, R (green circle in the left panel of Fig. 4 ). -We also fit a circle to each of the ring components that have an arc-like shape (blue dashed line in the right panel of Fig. 4 ), and we check that the circle is contained within the final ring best-fit circle. -We assign a quality factor to the ring, which is determined by the total angular coverage of the ring θ tot , and the displacement d, between the ring circle best fit centroid, and the ring barycentre
3 DBSCAN algorithm available at a (Easter et al. 1996; Tramacere & Vecchio 2013) where the larger the value of f , the more conservative the quality factor is. In this work we adopt minimum q f = 0.1 to flag an object that are a possible lens.
We apply this automated procedure to the five bands of CFHTLS imaging data after PCA subtraction of the foreground object, leading to 1 098 lens candidates passing all above criteria.
CFHTLS results
In the following, we describe our main results using the PCAfinder. This includes a visualisation step by five of the authors, allowing us to define three subsamples of lens candidates depending on how likely the candidates are to be real lenses. The characteristics of our new sample are compared with previous lens searches in the CFHTLS.
Visual inspection
The automatically selected 1 098 candidates were visually inspected to identify obvious spurious objects and to refine our lensing classification. We rank each object in one of the following categories:
-A: an almost definite lens with a striking image configuration that is typical for lensing; -B: probable lens, but the candidate would need follow-up with spectroscopy or more imaging; -C: possible lens, but with low probability of being confirmed, either because of low signal-to-noise (S/N) or because the potential lensed images are single or consist of short arcs that could still be compatible with edge-on galaxies or chain galaxies; -0: not a lens, spurious detection or spiral galaxy mimicking an arc or an Einstein ring. Objects in this category are falsepositives.
The visual classification is a time-consuming process. However, the workload remains reasonable in the case of the CFHTLS, which requires a few hours of human time to inspect the 1 098 candidates. The classification is performed both on the truecolour images using the g, r, and i bands and on the residual images. This is done using the FITS images, enabling us to easily and quickly explore the full dynamical range of the data. This classification is made independently by five of the authors: D.P., J.-P.K., R.J., F.C., P.D. Out of all the systems, we select those objects that are classified as definite lenses by at least one individual initial judgment. All authors then needed to agree on a final classification. Figures A.1-A.5 in the Appendix and Tables 1-2 present all the lens candidates that we rank with the grade A and grade B.
Our visual inspection shows that the most frequent contaminants are face-on spiral galaxies, ring galaxies and polar ring galaxies. Face-on spirals mistakenly taken by the PCA-finder as lens candidates are easily identified by eye because their spiral arms point towards the bulge, while lensed arcs are tangentially aligned with respect to their lens galaxy.
More problematic are ring-like galaxies in general and polar ring galaxies in particular. These rare composite galaxies consist of a gas-poor, early-type galaxy (typically S0 galaxies) surrounded by a blue gaseous ring with ongoing star formation (see Fig. 5 ). The most widely accepted explanation for the formation of polar ring galaxies is that accreted gas settles onto orbits Table 2 . List of grade-A and grade-B new lens candidates in CFHTLS. The photometric redshifts z, the effective radius R eff and the magnitudes are the ones provided by Coupon et al. (2009) .
resemble Einstein rings that are produced by gravitational lensing.
In our visual procedure, we attempt to classify an object as a ring galaxy if i) the ring structure has an ellipticity > 0.2, or ii) the ring shows a surface brightness close to constant. Our criterion on the ellipticity comes from the fact that only very extreme, rare, and rather unphysical lens galaxies or systems with extreme external shear can create a strongly elongated Einstein ring. Very elliptical Einstein rings are therefore not expected.
In fact, none are known in the current literature. On the contrary, gaseous rings around polar ring galaxies can be strongly elliptical, simply due to orientation effects. The second condition, i.e. constant surface brightness, comes from the fact that Einstein rings are never fully symmetric and that lensed sources have structures, i.e. a bulge, spiral arms, etc. Ring galaxies have more uniform light distributions across the gaseous ring.
Using the above criteria, the PCA-finder provides a list of 1 098 lens candidates that split, after visual classification, into: Fig. 5 . Examples of objects producing false positives in our lens search and that we classify as ring-like galaxies or polar ring galaxies (see text). Among 1 098 lens candidates, we identify 274 of these ring-like galaxies.
-70 grade-A candidates (Tables 1 & 2) , -39 grade-B candidates (Tables 1 & 2) , -183 grade-C candidates (Table A. 2 of the Appendix), -274 ring-galaxies or polar-ring galaxies (Table A .1 of the Appendix).
All our newly discovered grade-A and grade-B lens candidates are shown in Figs. A.1-A.5 of the Appendix 4 . Despite the visual classification, all above candidates would need spectroscopic and/or high-resolution photometric follow-up, which is beyond the scope of this paper. In the following we compare the properties of our sample of 109 (new) grade-A and grade-B lenses with other lens samples found in the CFHTLS data.
Comparison with previous searches
The CFHTLS data comprise all desirable survey properties for a lens search. They have been extensively explored in the past with a range of automated lens-finders, leading to very different lens samples. This clearly illustrates that no single technique can detect all the types of lenses at once and that current lens-finders are complementary. Some favour specific types of lensing object, such as spiral or elliptical galaxies, and others may select only massive lenses, e.g. by pre-selecting lenses as galaxy groups or clusters. Other favour a given source geometry, e.g. point sources (AGNs, quasars) or extended arcs and rings. Here, we give a brief summary of previously published CFHTLS lens samples and we attempt to understand why the PCA-finder method finds some but not all lenses from the published samples.
A lens sample that is significantly different from the one in the present paper is provided by Elyiv et al. (2013) and Sygnet et al. (2010) . On the one hand Elyiv et al. (2013) searched for gravitational lens candidates among the optical counterparts of X-ray-selected QSOs/AGNs. The authors visually inspect a sample of 5 500 optical counterparts of X-ray point-like sources identified in the XMM-LSS imaging of the CFHTLS W1 field. 4 FITS images of our lens candidates are also available at https: //github.com/herjy/PiCARD ArcFinder by More et al. (2016) Table 3 . Strong lenses found using the two different ArcFinders (see text), and that we also find in the present work with the PCA-finder.
They find three good gravitational lens candidates. Sygnet et al. (2010) , on other hand, look for lensing events produced only by massive edge-on disk galaxies. In their search, they preselect only highly elongated objects with 0.7 > > 0.9. Their final sample, which also involves a visual inspection, has 16 lens candidates. The PCA-finder neither looks for point-like multiple images nor for elongated lenses, thus we do not expect our search to recover any of those published lenses. To the best of our knowledge, there are four lens searches similar to ours in CFHTLS (Gavazzi et al. 2014; More et al. 2012; Maturi et al. 2014; More et al. 2016 ). More et al. (2012) built a sample of lenses using ArcFinder with a setting such that only systems with arc radii larger than 2 are kept in the sample. Their lens sample with large Einstein radii therefore predominantly selects group and cluster-scale lenses. ArcFinder measures the second order moments of the flux distribution in pixels within small regions of the sky to estimate the direction and extent of local elongation of features. Then, a set of thresholds on feature properties such as the area, length, width, curvature and surface brightness were used to select arc-like candidates. The search was carried out in the g band which is the most efficient wavelength to find typical lensed features. The ArcFinder final sample consists of 55 promising lenses out of a total of 127 lens candidates, which are selected from both CFHTLS Wide and Deep fields. The PCA-finder recovers 16 out of these 127 candidates. This low fraction of recovered systems is somewhat expected since the majority of the systems found by ArcFinder consist of multiple lensing galaxies, which are not recoverable by our method. PCA-finder detects arcs and rings that are centred on single lensing galaxies, any of the lensing features around Paraficz: The PCA Lens-Finder: application to CFHTLS RingFinder by Gavazzi et al. (2014) Table 4 . Strong lenses discovered with the RingFinder and also found by the PCA-finder. groups or cluster of galaxies are lost. Table 3 lists the lenses found both by the PCA-finder and with ArcFinder. Maturi et al. (2014) devised an automated lens-finder based on the colour statistics of arcs using a model for the spectral energy distribution (SED) of high redshift galaxies, the lensing optical depth, and the data depth. They therefore find lensed sources not only based on their morphology, but also from their colour, selecting the colours corresponding to sources providing the largest possible lensing cross-section. Using this procedure, which combines the ArcFinder created by Seidel & Bartelmann (2007) , with a fine-tuned colour selection, they significantly in- Table 5 . Galaxy-scale lensed systems found in the context of the Space Warps project that are also detected by our PCA-finder.
creased the CFHTLS sample of gravitational lenses. They apply their method to the CFHTLS Archive Research Survey (CARS; Erben et al. 2009 ) data, which covers 37 square degrees, to verify its efficiency and to detect new gravitational arcs. Table 3 lists the lenses found both by the PCA-finder and by Maturi et al. (2014) . Gavazzi et al. (2014) use their RingFinder tool to search for galaxies lensed by massive foreground early-type galaxies. The principle of RingFinder is similar to ours: they select all early-type galaxies from CFHTLS and then subtract them from the images to find lensing features. There are two main differences between our work and Gavazzi et al. (2014) : the way the lenses are subtracted from the images and the way the residual images are analysed. To remove the central galaxy, Gavazzi et al. (2014) subtracts the PSF-matched i-band images from the g-band images. On the residual image, they looked for excess flux in the g-band to search for compact lensing signal, i.e. multiply-imaged point sources, rings and arcs. In total 2 524 objects passed their automatic selection procedure. These are visually inspected, leading to a total of 330 lens candidates, out of which 42 were ranked as good quality lenses and 288 were in their medium-quality category. In addition to the main sample of Gavazzi et al. (2014) , another 71 candidates were reported to have been detected by earlier versions of the RingFinder. From the main sample of RingFinder, during their follow-up campaign, they confirmed 33 lenses. Out of the 330 medium and high quality candidates found with RingFinder, 50 are also found by our PCA-finder (Table 4) .
Finally, the most recent CFHTLS lens search is known as Space Warps by More et al. (2016) and is fully based on a visual detection and classification of lensing systems by humans, namely "citizen" that volunteer to inspect the CFHTLS colour images. They report the discovery of 29 promising new lens candidates out of a total 59 candidates, based on about 11 million classifications performed by motivated citizen scientists. The goal of the blind lens search was to identify lens candidates missed by automated searches. This type of massive visual search enables us to catch a larger diversity in lens and source properties than automated searches (see also Pawase et al. 2014 , for an example of a visual search in the HST database). Our PCA-finder recovers ten out of the 29 best candidates found in Space Warps. These are listed in Table 5 .
Our PCA-finder cannot be expected to recover all the RingFinder and Space Warps lenses, owing to the different levels of incompleteness of the different searches but also because of the pre-selection of galaxies in the PCA-finder search. We target early-type galaxies as potential lenses and we apply a cut in size for the lens galaxy (4-9 pixels). At least part of the lens candidates from the previous searches do not meet this size cut. We also note that the PCA-finder is not optimized to find multiplyimaged point sources, which are very well spotted visually in Space Warps and with RingFinder.
Finding gravitational lenses is a complex task, thus no single lens finding method is perfect, each method has advantages over the other. It may be the case that a single method may never be the best method for optimising completeness and purity. As a consequence, it is not surprising that in spite of the many previous extensive lens searches in CFHTLS, we still manage to find new, interesting candidates. The PCA-finder, despite being very close conceptually to the RingFinder, has two major advantages. First, it is applied efficiently on single-band data. We therefore apply it independently to all the bands. In this way the search is not restricted to a limited range of source colours. Second, the resulting lens subtraction leaves very few artefacts, hence allowing us to spot fainter lensed features closer to the lens centre.
We note that the 109 good lens candidates listed in Tables 1  & 2 are completely new. We also list 183 new objects in Table A .2 of the Appendix that we rank as possible lenses, but that certainly require follow-up with either deeper imaging or spectroscopy or both.
Sample properties
We now compare various properties of our lens candidates with previous samples from CFHTLS. We emphasise that these comparisons use lens candidates that are not yet confirmed and that our results are therefore only indicative.
We use the CFHTLS photometric catalogues from Coupon et al. (2009) and generated with the Le Phare software (Ilbert et al. 2006) . The accuracy of the photometric redshifts of galaxies for the Wide survey with magnitudes i < 21.5 is σ(∆z/(1 + z)) = 0.032. Figure 6 shows the distributions in apparent magnitude, Einstein radii and redshift for our PCA-finder sample of 70 grade-A plus 39 grade-B new gravitational lens candidates. These are shown together with the same distributions for Space Warps (More et al. 2016) , for the ArcFinder (More et al. 2012) , and for the RingFinder (Gavazzi et al. 2014) . We find that the median of the lens redshift distribution for the PCA sample is z PCA = 0.48 ± 0.17 and it is lower than redshift for all the other known lenses, which is z arcs = 0.52 ± 0.20 (including giant arcs which systematically have larger redshifts). The median of i-band magnitude of our sample is m i = 19.63, which turns into a median absolute magnitude of our sample M g = −21.90 ± 0.745. These magnitudes are K-corrected following Coupon et al. (2009) .
The Einstein radii displayed in Fig. 6 are estimated from the position of the multiply-lensed images. R E is taken to be half the averaged values of the angular separation between images. The distribution of image separations can be used to probe the average density profile of the lens population (Oguri et al. 2006; More et al. 2012) . We find that the average Einstein radius for our new lenses is R E = 1.9 ± 0.8 which is, as expected, smaller than for the ArcFinder candidates, which have R E = 4.0 . This is also lower than for Space Wraps which have R E = 1.9 . For comparison the SLACS lenses have R E = 2.2 and the RingFinder lenses is R E = 1.4 (see Sonnenfeld et al. 2013 ). More et al. 2016) , from the ArcFinder (green line; More et al. 2012) and from the RingFinder (blue line; Gavazzi et al. 2014) . When applicable, we also show the distribution for the parent sample, i.e. our preselection of potential lens galaxies.
Simulations and completeness
An evaluation of the completeness of our sample can be done in two ways, using realistic image simulations or using a sample of already known lenses. The latter approach has been attempted in the previous section, but has a clear limitation: the reference sample of known lenses has its own completeness and purity. Moreover, different lens-finders are not necessarily optimised to find the same lens types and the parent samples (i.e. after the pre-selection) are not the same. As was shown in the previous section, one lens-finder can be very efficient at finding objects with low lens/source luminosity contrast, another one may be specialised in finding large arc-like structures and others may find better lensed point sources. For all these reasons, we choose to use simulated images for our completeness estimation.
In this section we evaluate the performances of our method using simulated images of Einstein rings, as they would be seen with the CFHT. We have made an attempt to generate lenses that are as realistic as possible within the requirements of the Fig. 7 . Properties of the lensed systems for the simulated sample. Each plot in the lower panels shows the distributions of selected parameters of the full sample of simulated systems and for the simulated objects we identify as lenses (true positives). The top panels give the ratio of the two, i.e. the completeness per bin of the selected parameter. The red line is a linear regression to guide the eye.
PCA lens-finder. In the following, we also describe some of the properties of our simulated sample.
The lens and source simulation
The image simulations are provided by the Bologna Lens Factory (BLF). The BLF setup was chosen to match the properties of gravitational lenses expected in the CFHTLS wide fields by adding fake lensed objects to real images.
The lensing simulations were done as follows. A dark matter halo catalogue within a light cone extending out to z = 4 is taken from the Millennium Run Observatory (Overzier et al. 2013) . This contains all the halos found within the Millennium cosmological simulation that were more massive than 10 10 M , which should include the hosts of all the observable strong lenses. The light cone covers 1.6 square degrees of sky. Each halo is represented within the lensing code by a Navarro, Frenk & White (NFW) halo plus a singular isothermal ellipsoid (SIE) in its centre to represent the baryonic component. The mass of the baryonic component is determined using the halo mass vs. stellar mass relation of Moster et al. (2010) and the velocity dispersion is set by the Tully-Fisher relation (Bell & de Jong 2001) .
Once the light cone is assembled, all the caustics in this light cone with Einstein radii R E > 0. 05 are located, for a series of six source planes running from z = 1 to z = 3.5, using the GLAMER lensing code Petkova et al. 2014) . GLAMER shoots rays through the light cone and identifies regions of the source plane that will be strongly lensed. The code then adaptively shoots rays in these areas at higher and higher resolution to resolve the critical curves and caustic curves of each prospective lens.
The simulated image of a lensed source is then added to a real image of a galaxy that is randomly taken from the preselected CFTHLS data. This step was unavoidable, bearing in mind that the PCA lens extraction is solely based on the selfsimilarity of the foreground galaxies. Since the simulations need to be as close to real CFHTLS data as possible, we thus draw galaxies from the preselected targets in size, magnitude, colour, etc (see Sect. 2.2). Galaxies selected for the simulations in such manner, contain all the relevant limits that we face in real data. This gives us several advantages: 1. the simulation naturally includes the noise properties of the original data, 2. the level of complexity in galaxy shapes is well representative of the real data, far beyond the reach of analytical galaxies models, 3. the simulation includes blending effects with companion galaxies. Even though this approach gives us a reliable way to estimate the completeness of our sample, it does not allow us to evaluate its purity. This requires a priori knowledge of which galaxies are and which are not acting as lenses. Since the galaxies are drawn randomly from the real data, they can potentially contain lensed features that would affect the results. While a visual inspection would probably solve this problem, it could however bias the completeness.
We note that the distribution of lens properties should be generally reproduced in the simulations, but that it is not necessary to reproduce the statistics of the lenses to high precision for our purposes. In the next section, we characterise the lens-detection efficiency in terms of various parameters such as S/N, Einstein radius, etc. It is necessary that the simulations fully cover the range of these parameters, but not that they reproduce the predicted distribution of parameters precisely. These simulations meet this requirement.
Completeness of the new lens sample
Our simulations include 600 systems, which match well the properties of the galaxies we preselected in CFHTLS (Sect. 2.2), as well as the noise properties of the images. We run the PCA lens-finder in the exact same way as we do on the real data, excluding the last step of a visual inspection. Our results are summarised in Fig. 7 , where we compare the distribution of some of the most important observational parameters for the full population of the simulated lenses and for the population of simulated systems, actually identified as such by the PCA lensfinder. The ratio between the two histograms in Fig. 7 gives the completeness.
In our analysis, we estimate the completeness as a function of the total S/N in the (lensed) source, the number of pixels of the source above the noise level (5σ), the source surface brightness, R E (taken as half the averaged values of the angular separation between images) and the source redshift. We note that the calculation of the source S/N includes a noise contribution from the lensing galaxy, which can significantly impact the detection when the source and the lens overlap. Using our lens simulations we find that:
-Not surprisingly the completeness of the sample improves with increasing S/N, reaching at least 80% as soon as S /N > 50. Even for the lowest source S/N in the sample, the completeness is still above 50% and this number increases to 70% when S /N > 20. Of course, within a given S/N bin the sample spans a large range of Einstein ring size and source/lens luminosity contrast, but overall the completeness achieved by the PCA lens-finder is very high. -The completeness depends strongly on the number of pixels above a given luminosity threshold of the lensed source. This affects the angular size of the lensed image and therefore also our ability to determine its shape (ring, full, or partial arc).
Of course the more spatial resolution elements in a lensed source, the better it can be classified. -The completeness has slightly weaker dependence on source surface brightness than on S/N of the lensed source. This shows that we fail to detect some lenses with arcs and rings that fall into the glare of the lensing galaxy. This also shows that central lensing galaxy removal with PCA method is not perfect and has an impact on the lens search. -Importantly, there is little or no dependence of the completeness with respect to R E or to the source redshift. This suggests that the PCA lens-finder is capable of providing unbiased samples of systems spanning a broad range of masses and redshifts, which is desirable for galaxy formation and evolution studies based on strong gravitational lensing.
Summary and conclusions
We have implemented a novel method, PCA-finder, for the automated detection of galaxy-scale strong gravitational lensing to a heavily explored survey, namely, the 155 square degree of imaging data of the CFHTLS Wide. With the PCA lens-finder we discover 109 (70 grade A and 39 grade B) brand new gravitational lens candidates. The discovery of such a large number of new lens candidates missed by other searches proves PCA-finder to be a powerful tool in discovering lenses. The search was carried out in four steps. In
Step 1, we create a uniform data cube consisting of small image stamps centred on preselected early-type galaxies. In Step 2, we subtract central galaxies from the image stamps. In Step 3, we analyse residual images created in Step 2 to look for lensing features with the DBSCAN method. In Step 4, a sample of 1 098 candidates are selected from this automated procedure. Finally, Step 5 is a visual inspection of the lens candidates by five authors of this paper (D.P., J-P.K., R.J., F.C., P.D.). Following this last step, all candidates are allocated A, B, or C grades.
In this paper, we present the new PCA-finder lenses and compare it with the previously known samples from the CFHTLS, namely, Space Wraps, RingFinder and ArcFinder. Our main results can be summarised as follows:
-PCA-finder works well as a discovery engine for gravitational lenses. -We present a sample of 70 grade-A and 39 grade-B new gravitational lens candidates, and additional 183 grade-C worth noticing, but with no strong evidence for lensing. We rediscover 86 lens candidates from various samples published in the literature. -The PCA-finder selects lens systems whose statistical properties are well comparable with the RingFinder and ArcFinder samples, including the range of lens redshifts, magnitudes, and image separation. -We also find 274 potential ring galaxies or polar ring galaxies. -We use a sample of simulated lenses tailored to the CFHTLS Wide data to verify the completeness of our automated method.
The discovery of many new lens candidates through the first PCA-finder lens search illustrates the strength of the method, since we find lens candidates that other algorithms missed. Upcoming and planned wide field imaging surveys such as the DES, HSC, KIDS, Euclid and the LSST will produce a great amount of data. Reliable automated algorithms together with citizen blind search will be necessary to find lenses in these very large surveys. As shown in this paper, one approach for finding lenses from the entire survey data may not be sufficiently complete and pure. Thus, combining robotic methods for preselection with the citizen science approach for visual screening might be a good strategy for finding lenses in these large imaging surveys. For samples that are sufficiently cleaned by the automated part of the pipeline, the human time spent on the final classification remains acceptable. 
